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Introduction
In the field of materials science the investigations of the relationship between the structure of materials and their properties are of great interest. Sol-gel chemistry offers a unique opportunity for the design of new advance materials with desired properties [1] . The final hybrid materials have the potential for providing interesting combinations of properties which cannot be achieved for other materials [2] . The materials prepared with sol-gel chemistry have been applied to different research fields. It has been established that they are excellent matrices for immobilization of inorganic and organic compounds and various types of biomolecules, including enzymes, whole living cells, antibodies, immune molecules, phospholipids and other proteins [3, 4] . Modified silicacontaining materials can be used for technological applications, such as extracting metal ions from aqueous and non-aqueous solutions. These materials show great adsorption capacity and specificity for metal ions [5] [6] [7] [8] .
The most interesting and promising reagents are the organometallic compounds based on alkoxides of silicon, titanium, aluminium, zirconium and other. This class of potential precursors is very suitable for the solgel technology and is characterized by the presence of -M-O-R (metal-organic bonds) in a metal-network. Selection of molecular or polymeric species of different natures and properties that could also be incorporated into these organic-inorganic systems offers a great number of opportunities [9] [10] [11] [12] [13] [14] . In combination with the traditional cross-linking agents such as tetraethylor tetramethylortosilicate, the urea or urethane Central European Journal of Chemistry groups can be obtained by means of hydrolysis and condensation reactions [9] . Using these reactions, with the participation of trimethylsilyl isocyanate in the solgel synthesis, two possible networks can be obtained -urethanesil or ureasil, depending on the synthesis conditions used [15] [16] [17] [18] [19] .
Usually, hybrid materials possess a good elasticity, flexibility and higher chemical stability [20] and the gels containing nitrogen and carbon can be used in the field of electronics and optoelectronics [21] . It was proved that the modifying of the siloxane oxicarbonitride network by ZrO2 results in thermally stabile materials [22] .
On the other hand, sol-gel borosilicate materials have been systematically studied because of their high temperature resistance. This important property makes them applicable in semiconductor industry, solar thermal technology, optical engineering and in immobilization and disposal of radioactive wastes [23] .
Another specific application of both, boron-and zirconium-containing hybride materials is selective layers for gas-separation membranes [24] .
In the present work, two novel di-urethanesil hybrid materials modified by boron and zirconium were synthesized and their structure was discussed. The adsorption properties towards Cu(II), Fe(III), Cr(III), Cd(II) and Pb(II) ions for both materials are investigated using multi-component solutions by means of the batch method.
Experimental procedure

Synthesis and characterization of the hybrid materials
The novel di-urethanesil hybrid materials have been prepared as follows: 80 wt.% tetramethoxysilane (TMOS) was dissolved in tetrahidrofurane (THF) in ratio 1:1 and hydrolyzed with acidified water (рН=1.5) for 10 min. After that, 20 wt.% of trimethylsilil isocyanate (TMSI), previously dissolved in THF (1:1) was added. After 30 min of stirring at room temperature, 10 wt.% of zirconium propoxides Zr(OPr) 4 or 10 wt.% of trimethyl borate B(OCH 3 ) 3 as modifying agents in the presence of ethylacetoacetate (EtAcAc) in ratio 1:1 or izopropanol (PrOH) in ratio 1:3, respectively, were added [15, 16, 25] . The mixtures were further stirred for 40 min. After drying at 60 o C, monolith solid materials were obtained. For the adsorption experiments, pieces of these materials were used after grinding them in agate mortar.
The schematic diagram for the preparation of the hybrid materials containing B and Zr is shown in Fig. 1 .
The structure of the derived xerogels denoted as Si-10B or Si-10Zr was investigated by means of XRD on a X-Ray Diffractometer System "Geigetflex" D/Max-C Series (Rigaкu, Japan) by 30 mA, 40 V, with Cu-Kα radiation; FTIR (Mattson 7000, USA) in the range of 4000-400 сm -1 in KBr-pellets and SEM (S4000 Field Emission, Hitachi, Japan). Atomic Force Microscope measurements were performed on AFM NanoScope IIIA Tapping ModeTM, (USA). Nuclear Magnetic Resonance NMR spectra for solid state 29 Si were recorded at 79.79 MHz on a Bruker Avance 400 spectrometer (Germany).
The characterization of texture parameters of both materials was carried out by low-temperature adsorption (at 77 K) of nitrogen using Gemini model 2370V5.00, Micrometrics, (UK). The nitrogen adsorption isotherms were analyzed to evaluate the following parameters: the specific surface area, the total pore volume and average pore radius.
Adsorption studies
The adsorption properties of Si-10B and Si-10Zr with respect to Cu(II), Fe(III), Pb(II), Cr(III) and Cd(II) ions in multi-component solutions were determined by means of the batch method. Experiments were carried out using stoppered 50 mL Erlenmeyer flasks containing about 0.1 g Si-10B or Si-10Zr sample and 10 mL of aqueous solution containing all metal ions under study. The R. H. Georgieva et al. mixture was shaken at room temperature for 5 hours by an automatic shaker. After reaching the equilibrium, the adsorbent was removed by filtration through a Millipore filter (0.2 µm). The initial and equilibrium concentrations of the metal ions were determined by flame AAS on a Pye Unicam SP 192 flame atomic absorption spectrometer (UK).
The effect of acidity on the removal efficiency of the adsorbents studied was investigated over the pH range 2.0-5.5 (pH-meter model pH 211, Hanna instruments, Germany) and with employing initial concentration of 20 mg L -1 for all investigated ions. This allowed the optimal pH value for each metal ion to be established. At this optimal pH value, adsorption of the metal ions concerned is significant and no precipitation of metal hydroxide occurs. Thus, to determine the effect of the initial metal ion concentration on the adsorption capacity initial concentrations in the range 5−100 mg L -1 at pH 5.0 were chosen. Analytical grade reagents were used in all experiments. The working solutions containing different concentrations of Cu(II), Fe(III), Pb(II), Cr(III) and Cd(II) ions were prepared by stepwise dilution of the stock solutions (Titrisol Merck, Germany). All adsorption experiments were replicated and the average results were used in data analyses.
Results and discussion
Characterization of the hybrid materials
The structure of Si-10B and Si-10Zr was investigated by means of FTIR, XRD, SEM, AFM and NMR.
FTIR investigations
The FTIR spectra for the synthesized hybrid materials are presented in Fig. 2 . There is an indirect evidence that no there was no remaining trimethylsilyl isocyanate after the sol-gel synthesis. This was established based on the lack of band corresponding to the free -NCO-groups at 2300 cm . Moreover, from the FTIR patterns obtained, it was established that in both hybrid gels the organic and inorganic building blocks were linked to each other by covalent bonds (Si-NH 2 and Si-(CH 3 ) 3 ) forming single homogeneous nanostructured material [30] .
The band at 1400 cm -1 in the spectrum of Si-10B can be attributed to B-OH free groups and it suggests the presence of additional acceptor centers on the surface of this material. Thus, we expect enhanced adsorption activity for Si-10B as compared with Si-10Zr.
XRD-analysis
Fig . 3 shows the XRD patterns of the derived xerogels Si-10B and Si-10Zr. Both materials are amorphous. For Si-10B in the range between 10 and 35° 2Θ crystal phase due to B(OH) 3 was also registered.
SEM-analysis
The morphology of the hybrids modified by 10 wt.% B and Zr have been investigated by SEM (Figs. 4a and 4b). It is visible that the gel modified by boron, Fig. 4a , exhibits in the most degree open porosity with its characteristic pore size detected to be between 0.5 μm and 1 μm. The presence of pores in this formulation is due to the rapid hydrolysis and condensation process followed by grain growth of boron hydroxide in the wet gel material. After gel curing at 60 o C, partial decomposition of boron hydroxide appeared and regularly distributed asymmetrical pores were formed [31] .
According to the IUPAC nomenclature, the described hybrid gel can be related to the macro-porous class of materials.
For comparison, SEM image of gel modified by zirconium is presented is Fig. 4b . At the same microscale level, no pores, crystals, and cracks are observed. This can be related to the influence of the modifying ions used in the materials' preparation. It is possible, that at precursor concentration of 10%, zirconium is acting more as cross-linking agent, rather than modifier of the silica backbone.
AFM-analysis
In order to determine the Root Mean Square (RMS) surface roughness, the topography of samples has been studied by means of AFM. The fresh fractured surfaces were prepared by breaking the monolithic samples immediately prior to the measurements. In general, the topographic features obtained with AFM were found to depend on the modifying ions in gel networks. The results from this study are presented on Fig. 5 as 3D images.
The sample Si-10Zr (Fig. 5b) exhibits a smooth and relatively featureless surface. In sharp contrast, the Si-10B sample (Fig. 5a) shows clearly discernible pore domains in the range of 0.5 µm to 1 µm. The morphological characteristics are also reflected in the surface roughness values. The average RMS roughness for Si-10Zr gel was detected to be 0.6 nm in comparison with RMS of Si-10B sample, where its value was much larger (1.3 µm).
AFM results are in a good agreement with SEM micrographs and they show that the morphology of the gel material depends on the modifying ion in the material's network.
NMR-analysis
The variation of 29 Si CP MAS NMR spectra of the hybrid materials with different modifying ions has been studied (Fig. 6) [32] . The presence of Q2 structural units suggests that the condensation process is initiated and makes the sample very active at atmosphere conditions. Moreover, a signal at +14 ppm is observed in the two NMR spectra. From the bibliographic data, this signal is due to M [(CH) 3 SiN] structural units [33] , which allow to conclude that during the hydrolysis -condensation reactions, the Si-N and Si-C bonds, typical of TMSI as a precursor, remain stable. When Zr, instead of B is used in the synthesis of the hybrid urethanesiles, a decrease in the intensity of Q4 (all four oxygen atoms of the SiO 4 -tetrahedra linked to other polyhedra) structural units is observed at the expense of Q3 units (three oxygen linkages to silicon, one OH group). This is due to the formation of Zr-O-Si bonds in the gel network. For boron-modified urethanesiles, the gel structure is formed by BO 3 and BO 4 units [25] .
BET-analysis
The low temperature nitrogen adsorption on the derived xerogels Si-10B and Si-10Zr is expressed by I-type isotherm (Fig. 7) . The nitrogen adsorption isotherms were used for evaluation of textural parameters and following values were obtained as follows:
-Si-10B -specific surface area -630 m 2 g -1
; total pore volume -0.51 cm 3 g -1 and average pore radius -1.6 nm.
-Si-10Zr -specific surface area -520 m 2 g -1
; total pore volume -0.44 cm 3 g -1 and average pore radius -1.7 nm.
Adsorption studies
Most industrial wastewaters contain different metal ions and the presence of co-cations can affect their sorption [34] . In the present paper competitive sorption of Pb(II), Cu(II), Cr(III), Fe(III) and Cd(II) onto Si-10B and Si-10Zr in multi-component aqueous solutions was investigated. Metal sorption efficiency of the adsorbents as a function of concentration and pH at different contact times was studied. Synthesis, characterization and adsorption properties of nanostructured hybrid materials modified by boron and zirconium with increase in contact time. It is found that equilibrium is attained at two hours.
Kinetic studies
The mechanism of the adsorption of multi-component aqueous solutions was tested using the pseudo-firstorder, the pseudo-second-order and the intraparticle diffusion model.
The linear form of pseudo first-order equation is given by [35] : log (Qe − Qt) = log (Qe) − (k 1 /2.303)t
where Q e and Q t are the amounts of Pb(II), Cu(II), Cr(III), Fe(III) and Cd(II) adsorbed at equilibrium and certain time (t) respectively, k 1 is the rate constant. Plots of log (QeQt) versus t are linear and the adsorption rate constants k 1 and theoretical Qe values can be calculated. Applicability of the pseudo-second-order kinetics is tested with the following equation 
where; k 2 is the pseudo-second order rate constant. k 2 and Q e values were determined from the slope and intercept of Q t versus t plots. The values of the parameters and correlation coefficients for both models are presented in Table 1 . The results show that the fit with the pseudo-second order adsorption model is very good (correlation coefficients r 2 ≥ 0.998) and the calculated equilibrium adsorption capacities, Q e are close to experimental data. Therefore we assume that the pseudo-second order adsorption mechanism is predominant for all investigated ions, suggesting that the rate-limiting step is the chemical adsorption.
In order to assess the nature of the diffusion process responsible for the adsorption of the investigated ions onto the hybrid material, attempts were made to 
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calculate the pore diffusion coefficients. The intraparticle diffusion equation [37, 38] is expressed as:
where C is the intercept, and k id is the intraparticle diffusion rate constant (mg g -1 min 1/2
). According to this model, the plots Qt versus t 1/2 should be linear if the intraparticle diffusion is involved in the adsorption process and if these lines pass through the origin. In such case, the intraparticle diffusion is the ratecontrolling step [39] . When the plots do not pass through the origin, this indicates some degree of boundary layer control and shows that the intraparticle diffusion is not the only rate-limiting step, but also that the other kinetic models may control the rate of adsorption, all of which may be operating simultaneously. The slopes of linear portion from the figure can be used to derive values of the rate parameter, k id , for the intraparticle diffusion. Values of the intercept C give an idea about boundary layer thickness, where the larger intercept indicates a greater boundary layer [40, 41] . The values of k id and C are presented in Table 1 . The deviation of straight lines from the origin indicates that intraparticle diffusion cannot be accepted as the only rate-determining step for the adsorption of investigated ions on Si-10B and Si-10Zr. The correlation coefficients for the intraparticle diffusion model are also lower than those for the pseudo-second-order kinetic model. These results confirm that the pseudo-second-order mechanism is predominant in the adsorption of Cu(II), Fe(III), Cr(III), Cd(II) and Pb(II) onto Si-10B and Si-10Zr.
In case of all investigated ions, the calculated values of k id for Si-10B are higher than those obtained for Si10Zr. This result indicates that Si-10B is more porous than , which is supported by results from SEM, AFT and BET-analysis discussed above.
Effect of pH on adsorption efficiency
Since the binding of metal ions by surface functional groups was strongly pH dependent, the pH of the aqueous solution is an important controlling parameter in the adsorption process.
The influence of pH on the amounts of adsorbed metal ions on both hybrid materials was studied in the pH range from 2.0 to 5.5 (Fig. 9) . The pH was limited to values equal to 5.5 because of precipitation of metal hydroxide at higher pH values. As expected, the adsorption of the investigated metal ions strongly depends on acidity of the initial solutions. With the increase of pH-values the amounts of adsorbed ions increases and the optimum pH range is found to be above 5.0. Similar observations have been reported for adsorption of metal ions on different adsorbents [34, [43] [44] [45] [46] [47] . Most affected by pH changes is the adsorption of Pb(II).
Adsorption isotherms
The effects of metal ions' concentrations on their adsorption are shown on Fig. 10 . Both hybrid materials show highest affinity towards Pb(II) ions, and lowestfor Cd(II) ions.
The adsorption isotherms described the adsorption equilibrium of the investigated ions at constant temperature. The different models are used to estimate the adsorption equilibrium data. Thus, the experimental data obtained were fitted to Langmuir, Freundlich and Dubinin-Radushkevich isotherm equations to determine the most suitable sorption mechanism.
Langmuir isotherm
The linear form of the Langmuir isotherm is expressed by the following equation: The essential characteristics of Langmuir isotherm can be expressed in terms of a dimensionless constant or separation factor, R L , which is defined as:
The Q 0 and K L values obtained from these plots are listed in Table 2 . The Q 0 values for Si-10B vary from 4.37 mg g -1 for cadmium ions to 12.15 mg g -1 for lead ions and for Si-10Zr from 3.83 mg g -1 for cadmium ions to 10.99 mg g -1 for lead ions. It is obvious that highest equilibrium adsorption capacity Q 0 was obtained for the Pb(II) ions.
The Langmuir model supports the following hypothesis: the adsorbent has a uniform surface: absence of interactions between the solid molecules; the sorption process takes place in a single layer. According the correlation coefficients r 2 ( Table 2 ) the fit to this model is very good.
The Langmuir parameters can be used to predict the affinity between the adsorbate and adsorbent using the dimensionless separation factor R L . The R L values for the investigated adsorbent are found to vary within the ranges: 0.025 -0.826 (for Si-10B) and 0.052 -0.906 (for Si-10Zr). All values are between 0 and 1 which indicates a favourable adsorption for all investigated ions. In addition, the values of the separation factor (R L ) prove that the nanostructured hybrid materials Si-10B and Si-10Zr are potential adsorbents for Pb(II), Cu(II), Fe(III), Cd(II) and Cr(III) removal from aqueous solutions.
Freundlich isotherm
The linear form of the Freundlich model is expressed by the following equation:
where k F is a constant related to the adsorption capacity and n is an empirical parameter related to the intensity of adsorption. The empirical Freundlich isotherm is based on the assumption that the adsorption sites are distributed exponentially with respect to the heat of adsorption. The values of kF and n were calculated from the intercepts and slopes of the linear Freundlich plots respectively and are shown on Table 2 .
On the basis of the correlation coefficients (r2) there is a good agreement between the Freundlich model and our experimental data but not as good as for the Langmuir model. All n-values are greater than 1 ( Table 2 ), indicating that both materials exhibit good adsorption properties over the entire range of metal concentrations studied.
Dubinin-Radushkevich isotherm
The Dubinin-Radushkevich (D-R) isotherm reveals the adsorption mechanism based on the potential theory. The linear form of the D-R isotherm is described by the 
where Q e is the amount of metal ion (mg) adsorbed per unit mass of adsorbent (g), Q m is the maximum adsorption capacity (mg g -1 ), β is the adsorption energy constant (mol 2 J -2 ), and ε is the Polanyi potential, described as:
where R is the gas constant (J mol
) and T is the temperature (K). The mean adsorption energy E (kJ mol -1 ) can be calculated using the parameter β as follows:
According the correlation coefficients r 2 (values from 0.687 to 0.982, Table 2 ), fit of this model is worse than for the other two models.
The value of E is very useful in predicting the type of adsorption and give information about chemical and physical adsorption. It is known that energy of adsorption in the range of 2-20 kJ mol −1 could be considered physisorption in nature [49] . Physical means that electrostatic force plays a significant role in adsorption mechanism. As shown in Table 2 , the values obtained in the present work are in the range of 5.19 to 9.05 kJ mol -1 . This indicates that the type of adsorption for all investigated ions onto both nanostructured hybrids materials is essentially physical.
It is important to assume that the mechanism of metal ions adsorption on the nanostructured hybrids materials containing boron or zirconium cannot be attributed directly to the Langmuir, Freundlich or Dubinin-Radushkevich models. However, from data listed in Table 2 , it can be concluded that the adsorption isotherm of the investigated ions exhibits mainly Langmuir behaviour, which indicates homogeneous surface binding. It also confirms the existence of mainly monolayer adsorption.
The adsorption capacities of all investigated ions towards both hybrid materials do not differ substantially. Thus the hybrid materials in the present study could be used for the simultaneous removal Synthesis, characterization and adsorption properties of nanostructured hybrid materials modified by boron and zirconium of the investigated ions from aqueous solutions. Better adsorption properties were observed by Si-10B which could be explained with its structure and surface properties -additional acceptor centers, higher specific surface area and total pore volume.
Conclusions
The adsorption of Cu(II), Fe(III), Cr(III), Cd(II) and Pb(II) from aqueous solutions onto two new nanostructured hybrid materials Si-10B and Si-10Zr was studied. The structure of the hybrid materials was investigated by means of FTIR, XRD, SEM, AFM and NMR. Using the FTIR and 29 Si NMR studies, the most probable cross-linking mechanism by formation of both materials was proposed. These analyses proved the presence of covalent bonds between the organic and inorganic parts, which classified Si-10B and Si10Zr as nanostructured materials. It was proven that both materials were amorphous. The AFM results are in a good agreement with SEM micrographs and show that the morphology of the gel material depends on the type of modifying ion in the material's network.
Data obtained by low-temperature nitrogen adsorption reveals that porous and texture parameters for Si-10B are better when compared with Si-10Zr. The influence of acidity of initial metal ion solutions on their adsorption was investigated and the optimum pH range was found to be about 5.0. The pseudo-second order kinetic model showed best correlation to experimental data. It was shown that Langmuir isotherm most adequately described the adsorption process. In all cases, the highest adsorption capacity was achieved for Pb(II) ions, and the lowest one for Cd(II). Both materials showed good adsorption properties towards Cu(II), Fe(III), Cr(III), Cd(II) and Pb(II) ions and could be used for the simultaneous removal of the investigated ions from aqueous solutions. Better adsorption properties were observed for Si-10B which could be explained with its structure and surface properties -additional acceptor centers, higher specific surface area and total pore volume. 
